Abstract: Disulfide-rich peptides represent an important protein family with broad pharmacological potential. Recent advances in computational methods have made it possible to design new peptides which adopt a stable conformation de novo. Here, we describe a system to produce disulfide-rich de novo peptides using Escherichia coli as the expression host. The advantage of this system is that it enables production of uniformly 13 C-and 15 N-labeled peptides for solution nuclear magnetic resonance (NMR) studies. This expression system was used to isotopically label two previously reported de novo designed peptides, and to determine their solution structures using NMR. The ensemble of NMR structures calculated for both peptides agreed well with the design models, further confirming the accuracy of the design protocol. Collection of NMR data on the peptides under reducing conditions revealed a dependency on disulfide bonds to maintain stability. Furthermore, we performed longtime molecular dynamics (MD) simulations with tempering to assess the stability of two families of de novo designed peptides. Initial designs which exhibited a stable structure during simulations were Abbreviations: CD, circular dichroism; MD, molecular dynamics; NMR, nuclear magnetic resonance.
Abstract: Disulfide-rich peptides represent an important protein family with broad pharmacological potential. Recent advances in computational methods have made it possible to design new peptides which adopt a stable conformation de novo. Here, we describe a system to produce disulfide-rich de novo peptides using Escherichia coli as the expression host. The advantage of this system is that it enables production of uniformly 13 C-and 15 N-labeled peptides for solution nuclear magnetic resonance (NMR) studies. This expression system was used to isotopically label two previously reported de novo designed peptides, and to determine their solution structures using NMR. The ensemble of NMR structures calculated for both peptides agreed well with the design models, further confirming the accuracy of the design protocol. Collection of NMR data on the peptides under reducing conditions revealed a dependency on disulfide bonds to maintain stability. Furthermore, we performed longtime molecular dynamics (MD) simulations with tempering to assess the stability of two families of de novo designed peptides. Initial designs which exhibited a stable structure during simulations were more likely to adopt a stable structure in vitro, but attempts to utilize this method to redesign unstableIntroduction Peptide drugs offer many advantages over traditional small-molecule therapeutics, including enhanced specificity and reduced off-target effects. 1 Constrained peptides are commonly employed by nature as signaling molecules or toxins, and the incorporation of multiple disulfide covalent crosslinks between pairs of cysteine residues is thought to be responsible for the stability and potent drug-like properties of these molecules. 2 Knottins and short-chain scorpion toxins are two wellcharacterized groups within this protein family, each characterized by conserved structural motifs and highly-conserved disulfide bonds. 3, 4 However, the ability to generate stable structures adopting a wide range of specified sizes and shapes not observed in nature will be necessary to unlock the full pharmacological potential of peptide-based drugs. Working toward this goal, we previously reported a computational method for the de novo design of genetically encodable cysteine-rich peptides of various topologies, which were validated by experiments. 5, 6 Here, we describe two extensions to this methodology. First, we present an efficient and widely applicable method for the production of de novo designed, disulfide-rich peptides via genetic fusion to DsbC and expression in the cytoplasm of Escherichia coli. This is demonstrated by producing two peptides with divergent structures and sequences: a mixed α/β topology with a helix packing against a three-stranded antiparallel β-sheet stabilized by three disulfide bonds (peptide gHEEE_02), and a helixturn-helix topology containing a single disulfide bond adjacent to the main chain termini (peptide gHH_44). 6 The efficacy of the expression system to successfully fold peptides as designed was confirmed by determining the structure for these two peptides using solution NMR spectroscopy. The NMR structures confirm the accuracy of the two designs, which had not previously been validated by full structure determination. Second, motivated by the observation that some of the computational designs did not appear to fold as expected, 6 we developed a computational strategy based on molecular dynamics (MD) simulations to identify misfolded designs prior to synthesis.
Results and Discussion

Production of peptides via fusion to DsbC
The production of small proteins and peptides containing disulfide bonds presents a challenge, as disulfide bond formation does not readily occur under the reducing conditions found in the cytoplasm. Previously, genetically encodable disulfide-rich peptides were secreted from E. coli via a cleavable genetic fusion to the native E. coli protein OsmY, which promoted folding in the oxidizing periplasmic environment where disulfide bonds can readily form. 7 While efficacious, this method proved to be sensitive to unintended (or "leaky") expression prior to induction and suffered from low yields and consistency issues. An alternative solution described by Nozach et al. utilizes a fusion to the native E. coli disulfide bond isomerase DsbC, followed by intracellular expression from the commonly-used laboratory expression strain BL21. 8 Presumably, the extremely high local concentration of disulfide bond isomerase present during protein purification enables fusion partners to assume the lowest energy pattern of disulfide connectivity.
To facilitate producing many different constructs with a DsbC fusion, we created a new expression vector, pCDB364 (available from Addgene as Plasmid #110275), optimized for gene insertion using the isothermal DNA assembly method developed by Gibson et al. 9 In this vector ( Fig. 1) , the native signal peptide has been truncated from the N-terminus of DscB to direct cytoplasmic localization. An N-terminal decahistidine tag enables purification of heterologous protein by immobilized metal-affinity chromatography (IMAC), and a TEV recognition peptide at the Cterminus of the fusion protein enables removal of the fusion domain by TEV protease. Because the TEV protease cleaves at the C-terminal end of its recognition peptide, and has remarkable tolerance for amino acid variation at the P1 0 and P2 0 positions, 10 we were Figure 1 . The expression construct created to purify the disulfide-rich peptides in this study. Peptides were purified via immobilized metal affinity chromatography using the decahistidine tag, which is genetically fused to the E. coli disulfide bond isomerase DsbC; the tag is removed from the peptide using TEV protease, which cleaves at the C-terminal end of the amino acid sequence "ENLYFQ." The bacterial expression vector for this fusion construct is pCDB364.
able to remove all of the fusion domain from the designed peptides encoded into this construct (i.e., there are no "scar" residues from the fusion domain included in the mature peptide sequence).
To assess the compatibility of this expression system with computationally designed peptides, synthetic genes coding for previously reported de novo peptides gHH_44 and gHEEE_02 were subcloned into the vector pCDB364. After transformation of this expression vector into E. coli cells, uniformly 13 C-and 15 N-labeled peptides were expressed and purified for detailed structural characterization by solution NMR spectroscopy. All cross peaks in both 2D [ 15 N, 1 H] HSQC spectra were assigned to NH-moieties of the designed amino acid sequence, demonstrating that the proteins of interest were cleaved by TEV protease without any remaining "scar" residues.
Solution structure of oxidized gHH_44 and gHEEE_02
The near uniform peak intensities and good signal dispersion in both the proton and nitrogen dimensions of the 2D [ 11 This is consistent with the previously reported circular dichroism (CD) spectra of both oxidized peptides. 6 While CD spectroscopy is a useful method to rapidly probe the secondary structure content of proteins in solution and to monitor their structure and stability under a variety of conditions, 12 the method provides no information regarding tertiary structure. 13, 14 This challenge is addressed by NMR solution structure determination. 15 The designed model of gHEEE_02 has many contacts between the α-helix and anti-parallel β-sheet, while gHH_44 has comparatively fewer contacts between the two α-helices. By NMR, we detected 301 long range NOEs for gHEEE_02, and 33 for gHH_44 (Table I) . These long range NOEs, together with the other intra-residue, sequential, and medium range NOEs, dihedral angle restraints, and hydrogen and disulfide bond restraints, resulted in final structural ensembles that converged well (backbone RMSD of 0.41 Å or less) with favorable PSVS scores (all the structure-quality Z-scores < −3).
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A key component of our genetically encodable, cysteine-rich, de novo designed peptides are intramolecular disulfide bonds at defined positions. Disulfide bond formation was unambiguously verified from the chemical shifts of the β-carbon of cysteine residues. Generally, the cysteine 13 
C
β chemical shift in the reduced state is <32 ppm and increases to >35 ppm in the oxidized state. 17, 18 In the absence of TCEP or other reducing agents, the cysteine 13 C β chemical shifts for both recombinantly prepared peptides were 39 ppm or greater (Table II) . Because gHH_44 contains 2 cysteine residues, there is only 1 possible disulfide bond combination. On the other hand, gHEEE_02 contains 6 cysteine residues, and therefore, has 15 potential disulfide bond combinations. The pattern of disulfide bond pairs for gHEEE_02 was previously deduced by tandem mass spectrometry, 6 and this was further confirmed by the proximity of γ-sulfur atoms in the preliminary structure calculations. Hence, the following constraints for disulfide bonds were used for the structure calculations: Cys8-Cys26 (gHH_44); Cys8-Cys22, Cys18-Cys33, and Cys28-Cys41 (gHEEE_02). As with previously determined structures, 6 these new models confirm the atomic-resolution accuracy of the de novo design method used to create them (Fig. 4) . For gHH_44, the mean C α RMSD between the design model and each member of the ensemble is 2.3 Å. The largest conformational deviations occur at the main chain termini, outside of the geometric constraints imposed by the disulfide bond, and the mean C α RMSD to the design model drops to 0.7 Å when these five terminal residues are excluded from the calculation. Thus, for very small systems, such as the disulfide rich peptides studied here, it may be advantageous to place the disulfide bonds as close to the termini as possible, or to engineer additional contacts to restrain flexibility. For gHEEE_02, the mean C α RMSD between the design model and each member of the ensemble is 1.3 Å. In both cases, core side chain rotameric states exhibit excellent agreement with the design model, and all disulfide bonds are formed in the designed pattern of connectivity.
Solution structure of reduced gHH_44 and gHEEE_02
We previously reported that the presence of an approximately 100-fold molar excess of the reductant tris(2-carboxyethyl)phosphine (TCEP) results in a loss of regular secondary structure for gHH_44 and gHEEE_02 as measured by CD spectroscopy. The reduced-state CD spectra were dominated by a feature common to unfolded proteins: a negative maximum below 200 nm. 19 While the double minima at 208 and 222 nm (which indicate the presence α-helical structure) were ablated by TCEP treatment for gHEEE_02, these negative peaks were merely diminished for gHH_44. Hence, to unambiguously verify that TCEP completely reduced the disulfide bonds, and to assess structural character of each peptide in the reduced state, we also assigned the NMR chemical shifts in the presence of TCEP. N =~6 ppm). These chemical shift dispersion trends indicate that both peptides are less structured in the presence of TCEP. 11 The differences in chemical shift dispersion between redox states are smaller for gHH_44 than gHEEE_02, and this is likely due to the differences in secondary structure content between these peptides: gHH_44 is completely helical, while gHEEE_02 is a mixture of helical and β-sheet structure. In the proton dimension, the chemical shift dispersion is generally narrower for helical regions than for β-strand regions, and this is likely the major contributor to the observed chemical shift dispersion differences. A minor contributor is that β-strands involve hydrogen bonding to non-local residues, while α-helices are stabilized by hydrogen bonding to residues adjacent in the primary structure. Consequently, because gHH_44 only contains α-helices, it is more likely to Analysis of the 13 C β chemical shifts for the cysteine residues enables unambiguous verification of the oxidation state of each cysteine in the peptide: all cysteine 13 C β chemical shifts of both peptides were smaller than 29 ppm in the presence of TCEP (Table II) , indicating the ablation of all disulfide bonds. 
Thermostability of gHH_44
As previously reported, CD data indicate that gHH_44 is susceptible to chemical denaturation with guanidinium hydrochloride, but largely resistant to thermal denaturation up to 95 C. 6 We confirmed the CD thermal denaturation observations for gHH_44 by NMR spectroscopy to 80 C, the temperature limit of the probe. At this temperature, the 2D [ 15 indistinguishable from the pre-heated spectrum, confirming thermal resistance.
Evaluation of designs by MD simulation
In the previous study, many designs for each backbone topology were generated, then assessed in silico, and produced and tested in vitro. 6 As part of the in silico screening, ensembles of short MD simulations were incorporated into the computational design protocol. This was to ensure that the designed structures were not significantly perturbed by local conformational relaxation at room temperature. However, even small proteins can populate relatively long-lived metastable basins with escape times far beyond the timescale of current MD simulation. The conformational mobility in such MD simulations is reduced further by the presence of disulfide bonds or cyclization. In an attempt to improve the design protocol, we evaluated the use of long-time MD simulations with enhanced sampling. Briefly, the MD protocol involves simulating each design for up to 400 ns using an extended canonical ensemble in which the temperature is varied adaptively within a prescribed range, 22 which we chose here to be 300-450 K. The use of tempering has previously been found to accelerate sampling by 1-3 orders of magnitude. 23 For details on the simulation protocol see "Materials and Methods." First, we evaluated the predictive ability of the simulation protocol using the previously reported designs belonging to the families gHH_{x} and gHEEE_ {y}, with x in the range {01-06}, and y in the set {01, 26, 29, 34, 35, 36, 44, 45, 47 , 48} (also reported under the names: HH_2.0_{y} and HEEE_2.2_{x}). 6 These families contain the structurally validated designs gHH_44 and gHEEE_02. Additionally, design gHEEE_05 exhibited room temperature steady-state CD spectra consistent with the designed topology. Designs gHEEE_01, gHEEE_06, gHH_01, gHH_26, gHH_29, gHH_34, gHH_35, gHH_36, gHH_45, and gHH_47 mainly adopted a random coil conformation at room temperature as determined by CD spectroscopy, and designs gHEEE_03, gHEEE_04, and gHH_48 were not able to be produced in sufficient quantity and/or purity for definitive assessment. 6 When evaluated by MD simulation, all the designs could be clustered into two categories: one group appeared relatively stable and remained near the starting conformation, while the other group deviated from the starting conformation. These groups can be demarcated by a final RMSD from the starting model at or below 3 Å; models that deviated more than this amount were considered "unstable" in solution. By this metric, designs gHH_44, gHH_48, gHEEE_02, gHEEE_03, and gHEEE_04 were stable, while all other designs appeared to be unstable by MD. These simulations correctly predicted a stable conformation for all of the designs which successfully folded following expression in bacteria, while also correctly predicting an unstable conformation for all designs that adopted a random coil state at room temperature. The simulations also predicted that two of the three designs for which a folding assessment could not be performed would be stable in solution. It is noteworthy that some of the unstable designs unfold only after more than 100 ns of simulation, indicating that extensive sampling is important for the MD protocol. We also performed the simulations at 300 K without tempering, but stopped them after 200 ns because none of the designs deviated by more than 3.5 Å from the initial structures, underscoring the need for enhanced sampling.
MD-guided redesign of gHH_47 and gHEEE_06
Generally, globular proteins are not soluble in the unfolded state and precipitate in aqueous solution. calculations for histidine and oxidized cysteine residues. Cyan = reduced (TCEP). Blue = oxidized. On top of the graph is a schematic illustration of the elements of secondary structure observed in the NMR-derived structure for each oxidized peptide with the α-helices colored red and β-strands colored yellow.
These de novo designed peptides present a unique opportunity to study protein folding, as they possess a hydrophobic core, and they can be expressed, purified, and remain soluble in aqueous buffer while exhibiting a random coil conformation at room temperature. Our goal was to identify structural elements that may contribute to poor stability of the designed conformation, and then to modify the peptide sequence to promote (a) Three simulation structures of the design gHH_47 are overlaid in red, green, and blue, corresponding to the simulation at 0, 30, and 40 ns, respectively, to illustrate the stabilization of two slightly unfolded structures (green and blue) by salt bridges (black lines) involving residue K6 with neighboring side chains. In the design, K6 does not make any salt bridge; at 30 ns, its side chain hydrogen-bonds to the partially unfolded backbone of K31 on the opposing strand; at 40 ns, the K6 side chain has moved to the other side of the protein (into the page) and hydrogen bonds to the D2 side chain. (b) Illustration of conformational flexibility differences between the stable design gHEEE_02 (small panel on the left) and the unstable design gHEEE_06 (main panel). One hundred backbone traces are overlaid onto the initial simulation structure (red ribbon) spanning the time interval 0-60 ns to illustrate the particularly large flexibility of the loops in the unstable design prior to unfolding.
folding. For these experiments, we chose a soluble, unstable design to represent each topology: gHH_47 and gHEEE_06. For gHH_47, the trajectory indicated that unfolding was preceded by the formation of salt bridges between residue pairs Arg/Lys and Glu from distant regions of the structure that were not present in the designed conformation [ Fig. 7(A) ]. In order to systematically investigate this phenomenon, we replaced each long-chain, charged residue with a polar, noncharged residue using ROSETTA design in order to eliminate the possibility of forming a particular salt bridge. We repeated the tempering simulations for each mutation, as well as a design where all mutations were combined [ Fig. 8(A) ]. While the original gHH_47 exceeded the 3 Å RMSD threshold by 40 ns, 10 different mutations induced stability below this threshold for up to 100 ns. Out of these 10 mutations, four conferred stability up to 300 ns, and one (K28Q) remained stable out to 400 ns. The design where all mutations were combined was not stable.
The gHEEE_06 trajectory indicated that unfolding was preceded by large-amplitude fluctuations in the loops connecting the secondary structure elements [ Fig. 7(B) ]. To stabilize the design, we trimmed each of the three loops from the peptide structure and replaced the starting sequence and conformation with a fragment obtained from the PDB. We tested the replacement of each loop individually, as well as all three loops together, using the tempering MD simulations [ Fig. 8(B) ]. Each loop replacement resulted in a stability enhancement, and the greatest stabilization was achieved in the design with all three loops replaced, which was the only design to pass the 3 Å RMSD threshold at 400 ns. The greatest individual contribution to stability was conferred by the replacement of the first loop in the sequence, which became one residue shorter than the starting loop. Because of the stability gain we observed with replacing loops for gHEEE_06, we also tried replacing the only loop for gHH_47 using the same protocol; however, this redesign also remained unstable [ Fig. 8(A) ].
Next, we sought to determine whether the improvements in stability observed by MD would translate into conformational stability in vitro. We selected the single stable redesigned construct gHH_47 with the point mutation K28Q. For gHEEE_06, we chose the most stabilizing loop replacement (loop 1), as well as the replacement of all loops (loops 1-3) . These three peptides were expressed and purified as before. All peptides were soluble upon cleavage of the fusion protein, and exhibited a CD steady-state wavelength spectrum consistent with a random coil structure at room temperature (Supporting Information Fig. S1 ). Although MD simulation suggested the redesigned models were more stable than the initial design, it seems this was insufficient to maintain the designed state in solution (an obvious limitation of MD based assessment of stability is the limited time scale that can be simulated, which precludes rigorous determination of the folded state population at equilibrium). Multiple destabilizing elements may be present in the peptides that fail to fold as designed, and these elements function together (additively or cooperatively) to determine solution behavior. This hypothesis is supported by a recent study of the de novo design and folding of disulfide-free peptides where it was shown that different factors, such as buried non-polar surface area and side chain electrostatics, contribute to design stability. 24 While the ability of MD simulations to predict stability of the initial gHH and gHEEE designs is encouraging, the use of MD to guide rational redesign and optimization of unstable designs was unsuccessful. One possible cause of failure is that the MD simulations are not sufficiently long, that is, if the redesigned peptides are able to transiently populate the designed conformation, the unfolding could be too slow to observe in the MD simulations conducted here. Further improvements in MD simulation hardware, software, and sampling methodology will be needed before this question can be answered fully. More generally, follow-up studies in which MD simulations are used in a blindly predictive fashion to design proteins with various topologies will be necessary.
Conclusion
We have developed a bacterial system for the intracellular expression and purification of computationally designed, disulfide-rich peptides. This method is easily adaptable to production of peptides harboring specific isotopic enrichment, which we leveraged to label two de novo designed peptides for solution structure determination by NMR. The capability to isotopically label peptides for NMR is advantageous for structural characterization because it circumvents difficulties in finding conditions to generate diffraction quality crystals, which can be challenging for disulfide-rich peptides. 6 Furthermore, isotope labeling provides opportunities to characterize the disulfide-rich peptides under a more dynamic range of solution conditions, such as the presence of heat or reductant. Thus, the experimental methods detailed in this report are broadly useful for the production and study of peptides featuring multiple disulfide bonds which form a specific pattern of connectivity. The oxidized peptides prepared recombinantly in this study each follow a primary folding pathway that leads to the computationally designed structure. CD and NMR spectroscopy demonstrate these peptides do not predominantly occupy the designed state at biologically relevant temperatures without disulfide crosslinks; gHH_44 and gHEEE_02 are unfolded, random coils in the presence of reductant. During folding, sampling the designed conformation can result in disulfide bond formation, kinetically trapping the protein main chain. If the ROSETTA design calculations are accurate, formation of disulfide bonds between incorrect cysteine residues will result in a state of higher free energy than the designed state (which also includes intermolecular disulfide bonds). Fusing the peptides directly to disulfide bond isomerase during purification allows the peptides to escape from these metastable states, and drives them toward the designed global free energy minima. Additionally, some peptides may sample insoluble conformations during folding; the isomerase is highly soluble and significantly larger than the peptide fused to it, enabling the peptide to remain soluble throughout the folding process.
As a step toward enhancing in silico screening of designed peptides, we developed a strategy based on MD simulations to identify misfolded peptides prior to expression, and we leveraged this in an attempt to improve the stability of misfolded designs. While we were not successfully able to use the MD predictions to aid in the design of stability enhancing mutations, our simulations were able to identify unstable peptides with high reliability (in fact, all designs predicted to be unstable by MD adopted a random coil conformation in solution). This result is encouraging and suggests that MD simulations could be useful in de novo protein design. However, future studies are necessary where MD is used more systematically in a predictive manner.
Materials and Methods
Peptide expression and purification
Genes of designed disulfide-rich peptides were cloned into the vector pCDB364 using Gibson Assembly. 9 Expression vectors containing gHH_44 (pCDB368) and gHEEE_02 (pCDB367) were transformed into BL21* (DE3) E. coli (Invitrogen), and all media recipes were supplemented with 100 μg/mL kanamycin. We have made these vectors available via Addgene. Transformations were plated on MDAG-11 agar 25 and incubated ≤16 h at 37 C. Next, a single colony was subcultured into 50 mL of MDAG-135 broth 25 and incubated for ≤16 h at 37 C with shaking at 225 rpm.
This culture was then diluted 1:100 to inoculate a 0.5 L culture of the expression media ( 25 and 1 μM thiamine. Cultures were grown at 37 C to an OD 600 of approximately 0.8, and then induced by adding isopropyl β-D-1-thiogalactopyranoside to 1 mM. The temperature was reduced to 20 C and cultures were incubated with shaking at 225 rpm for an additional 12-16 h. Following expression, the fusion protein was purified from soluble cellular lysate by immobilized metal affinity chromatography. Purified fusion proteins were cleaved using the site-specific protease superTEV, 4 and mature peptides were purified to homogeneity by reverse-phase high-performance liquid chromatography on an Agilent 1260 HPLC equipped with a C-18 Zorbax SB-C18 4.6 × 150 mm column. Solvent A (water + 0.1%TFA) and solvent B (acetonitrile + 0.1%TFA) were run at a flow rate of 5 mL/min using the following gradient: 0%-5% solvent B (5 min), 5%-45% solvent B (40 min). Structure validation was accomplished using the Protein Structure Validation Software (PSVS) server 1.5 16 and agreement of structures and NOESY peak lists was verified using RPF scores obtained from the PSVS server. 33 The structural statistics are summarized in Table I . The atomic coordinates for all 20 of these conformers for gHH_44 and gHEEE_02 were deposited in the Protein Data Bank with PDB IDs 5TX8 and 5W9F, respectively.
NMR analysis and structure determination
Molecular dynamics simulations
Structures modeled by ROSETTA 34 were energyminimized in vacuum using the CHARMM 35 force field with restraints on the protein heavy atoms, and immersed in a cubic box of TIP3P water of sufficient size that the smallest distance between the peptide and the box boundary was 11 Å. Ions were added to maintain system neutrality and achieve an approximate salt concentration of 100 mM. The final system sizes were approximately 13,000 and 17,000 atoms for the HH and HEEE protein designs, respectively. The MD simulations were performed using GPU hardware with the program ACEMD 36 and the CHARMM36 energy function. Each system was equilibrated for 2 ns with positional restraints on the heavy atoms, with a restraint constant of 1 kcal/mol/Å. 2 The Berendsen barostat was used with a relaxation time of 10,000 steps to allow the simulation box to gradually resize according to the target pressure. A Langevin thermostat was used to maintain temperature at 300 K with a friction constant of 1 ps −1
. The timestep was 1 fs for the first 100 ps, and 2 fs for the remainder of the equilibration. The nonbonded cutoff was 11 Å. After equilibration, each system was simulated using adaptive tempering (AD), 22 a method that samples molecular configurations which form an extended canonical (NVT) ensemble. The AD temperature is treated as a dynamic variable that evolves stochastically according to a prescribed temperature distribution. 22 The AD method can be considered as a continuous version of the well-known simulated tempering method. 37, 38 In the AD simulations, the temperature was allowed to vary between 300 and 450 K according to a linear distribution (i.e., biased toward higher temperatures to accelerate sampling at high temperatures), as suggested by the original authors. 22 Temperature was advanced using a nondimensional time step of Δtγ = 0.00002 (where γ is a friction constant with units of inverse time). The temperature distribution was represented on a discretized grid of 1000 points. As suggested by Zhang and Ma, 22 the energy interpolation width was 50 grid points, and the damping constant for energy averaging was 0.1. To accelerate the simulations, the nonbonded cutoff was set to 9 Å, the switching function was made nonzero at 7.5 Å, longrange electrostatics were evaluated at every other simulation step, and hydrogen repartitioning was used, increasing hydrogen masses to 4 a.m.u., which allowed the use of a 4 fs time step. For the AD simulations, the barostat was turned off to prevent the systems from boiling at high temperatures. Covalent bonds to hydrogens were constrained using SHAKE 22, 39 in all simulations that used a time step greater than 1 fs. For the validation simulations (see Results), each AD simulation was performed for 400 ns. For the rescue mutation simulations, each simulation was performed in 10 stages of 40 ns. After each stage, the simulation was continued up to a maximum time of 400 ns only if the RMSD from the initial structure remained below 4.5 Å.
Circular dichroism spectroscopy
The CD spectroscopy was performed using a Jasco J-1500 CD spectrometer. Peptides samples were prepared in 10 mM sodium phosphate buffer (pH 7.0) with steady-state wavelength scans from 190 to 260 nm recorded at 20 C for each sample using a quartz cuvette with a 1 mm light path.
